Interferometry is an indispensable tool across all the natural sciences. Recently, a new type of interferometer based on phase-sensitive Fano resonances has been proposed and implemented. In these Fano interferometers, the two arms are formed by a spectrally broad continuum channel, and a spectrally narrow resonant bound state scattering channel, respectively. We show that the textbook relation between interference visibility and coherence known from double-slit-or MachZehnder-interferometers does not apply to Fano interferometers, because the physical origin of the interference extrema is different. We then show how instead the asymmetry of Fano spectra can be exploited to quantify coherence in Fano interferometers.
Interference is a key concept in the natural sciences, which, for example, has played a major role in discovering the wave theory of light, quantum theory, special relativity and even general relativity's gravitational waves, but also is utilized by many applications [1] [2] [3] . Archetype instruments exploiting interference are double-slit (DSI) or Mach-Zehnder (MZI) interferometers and related setups [4, 5] , in which an incoming wave is split into two channels, which after a propagation are eventually superposed again to interfere [see Fig. 1(a) ]. It is a classic textbook calculation that the visibility V = (I max − I min )/(I max + I min )
of the interference in a DSI-or MZI-like interferometer is proportional to the first-order correlation function characterizing the waves' coherence [5] [6] [7] [8] . This on the one hand shows that coherence is a basic requirement for the occurrence of interference. On the other hand, interferometry is a convenient tool to measure coherence properties. This is not only useful to characterize sources of light, but also to explore the non-classicality of light [5, 7] . Recently, a different type of interferometer based on Fano interference has been put forward and experimentally demonstrated. This type of interference is usually associated with the modification of a symmetric BreitWigner resonance to an asymmetric Fano line shape. It appears when a resonant bound state channel interferes with a continuum channel, as schematically depicted in Fig. 1 (b) [9] [10] [11] . In Fano interferometers (FI), this interference is externally controlled and thereby exploited as a tool for interferometry. FI and related control have been discussed, e.g., in the context of quantum dots [12] , photonic crystal circuits [13] and transient attosecond spectroscopy [14] . Correspondingly, decoherence can modify Fano resonances in a characteristic way [15] . FI have also been implemented in two different settings at hard x-ray photon energies, en route towards the development of xray quantum optics [16] . Using planar cavities containing narrow nuclear resonances coupled near-resonantly to one of its modes, the relative phase in a quantum superposition of two nuclear states was interferometrically determined [17] . Second, in coherent forward scattering of broadband x-ray pulses off of large ensembles of nuclei featuring a narrow resonance, the Fano interference control was used to increase the intensity of given x-ray pulses in a narrow spectral region [18] . Even though a variety of interferometers have already been demonstrated at x-ray energies [19] , these x-ray FI are of particular interest, since they neither require dedicated x-ray optics, nor elaborate alignment. Also, in FI the two interferometer arms are not spatially separated, which stabilizes the relative phase against fluctuations in their length.
These promising developments invite an exploration of the potential of FI, in particular also related to possible test of nonclassicality. This raises the question of how the interference pattern and the coherence properties of the interfering waves are related in a FI.
Here, we show that the standard visibility known from DSI or MZI is not capable of characterizing the waves' coherence in FI because the physical origin of interference maxima is different. As our main result, we then derive an alternative method to extract and quantify the coherence properties from interference patterns measured in FI. It is based on a parameter quantifying the asymmetry of the pattern, which is readily accessible in experiments.
Coherence and visibility. We start by considering a generic interferometer comprising two channels A and B, with field amplitudes characterized by operators a and b. The two channels' individual intensities are I A = a † a and I B = b † b , respectively. The interference signal I = (a + b)
† (a + b) obtained after superposing the two channels evaluates to [5, 7] 
Here, the coherence of first order is
and the total relative phase between the two channels is φ = arg a † b . The coherence parameter g = |g as compared to the individual channel intensities, and varies between full coherence (g = 1) and no coherence (g = 0). The case of total destructive interference, i.e. I = 0, can only occur if g = 1 and I A = I B . Because the coherence g controls the degree of interference, it can be determined from the interference pattern. For the case of a MZI shown in Fig. 1(a) , the intensity as function of the relative phase φ exhibits interference patterns as shown in Fig. 1(c) for different values of g from 0 to 1. The maxima and minima are due to constructive and destructive interference, characterized by φ = 0 and φ = π (modulo 2π), respectively, and can be used to quantify the interference via the visibility Eq. (1). It is well known that the coherence and the visibility are related as [5] [6] [7] 
with χ = 2 √ I A I B /(I A + I B ) ≤ 1 quantifying the ratio of the two intensities I A/B . The visibility is therefore a lower bound for the coherence and V = g if and only if I A = I B . This 'balanced' case is illustrated in Fig. 1(e) .
Fano interferometer. It turns out that Eq. (5) only holds if the intensities I A and I B are independent of the relative phase φ, as it is usually the case for MZI over a wide range of relative phases. However, in FI, one of the interfering channels is a continuum channel, while the other channel is formed by a spectrally narrow bound state resonance, see Fig. 1(b) . Therefore, the individual channel intensities vary along with the relative phase, which gives rise to a different dependence of the interference pattern on the coherence parameter. In the following, for definiteness of the analytical calculations, we specialize the analysis to FI based on planar cavities containing a bound state which is near-resonant to the driven cavity mode [17, 20] . Then, the continuum channel A is formed by all photons which pass through the spectrally broad cavity mode, but do not interact with the bound state resonance. All remaining possible photon pathways involving at least one interaction with the bound state form the second channel B. For typical cavity parameters, the amplitudes can be written as [17] 
Here, the dimensionless energy = (E − E 0 )/(2Γ ) characterizes the detuning of the incident light to the bound state resonance, normalized to its linewidth Γ . The Fano parameter q can be controlled via the incidence angle of the light onto the cavity [17, 21] . Introducing a finite coherence parameter g as for the MZI, the intensity evaluates to
From Eq. (6) it can be seen that the relative phase φ be-tween the two channels' amplitudes can be tuned via , exploiting the bound state resonance's dispersion. However, in contrast to the MZI, varying φ via also changes I B .
For the special case of g = 1, we recover the standard Fano formula [10, 22] 
Example Fano line shapes are shown in Fig. 1(d) , as function of the coherence parameter g. Note that the Fano spectrum is sometimes defined without the factor (1 + q 2 ) −1 . This does not affect our results since this overall factor cancels in both the visibility Eq. (1) and the asymmetry parameter defined in Eq. (9) below, and has no effect on the relative phase of the amplitudes.
Results. We start by showing that even in the case of maximum coherence g = 1, the nature of the interference in the FI differs from that in MZI. For this, we determine the maxima and minima of the Fano intensity Eq. (8) , which occur at = −q and = 1/q, respectively. At = −q, the relative phase of the two channels is π, and the intensity vanishes completely, like in the MZI case. But the maximum = 1/q corresponds to a relative phase unequal to zero, in contrast to MZI. It is therefore not a result of perfect constructive interference, but rather originates from a different mechanism, namely a compromise between partial constructive interference and the -dependent channel intensities.
Next, we show that the standard visibility Eq. (1) cannot be used to infer the coherence from the interference signal. This is illustrated in Fig. 1(e) , which depicts the visibility as function of the coherence parameter g for different Fano parameters q. It can be seen that in the absence of coherence g = 0, the visibility is medium or even high, depending on q. The reason for this is that the incoherent addition of the two channels' intensities is not constant as function of , due to the narrow bound state channel resonance, such that I max = I min is possible independent of g. Also, the visibility completely vanishes for q = 0 and g = 1/2. In this case, the intensity does not depend on the relative phase of the two channels, despite the presence of partial coherence. This unintuitive feature arises since for q = 0 and g = 1/2 the energy dependence of the interference term exactly cancels the energy dependence of the bound state channel intensity. This yields a completely flat spectrum even though a resonance is involved. Finally, we analyze the case of finite coherence g, and find that the visibility cannot uniquely be converted into the value of g, due to the presence of minima of the visibility as function of g. The visibility neither provides a practical lower bound for the coherence. We therefore conclude that the standard visibility is unsuitable to characterize FI.
Motivated by this, we now put forward an alternative method to characterize and measure the coherence pa- rameter in the case of FI. Our approach is motivated by the connection of the degree of interference to the coherence parameter. Analyzing I( ), we find that the individual channels' intensities are even functions of , while the interference part contains contributions which change their sign under the transformation → − . This leads us to define the asymmetry parameter
which can be understood as the (modulus of the) ratio of the anti-symmetric to the symmetric part of I( ). As the intensity is non-negative, 0 ≤ A( ) ≤ 1. Since A( ) is symmetric in , we will only consider ≥ 0 in the following. Inserting the Fano intensity Eq. (7), the asymmetry parameter evaluates to
A closer analysis reveals that the fraction in Eq. (10) is bounded by one. As a result, we can derive a lower bound to the coherence g directly from the asymmetry parameter via
Here, A max is the unique maximum of the function A( ). Its position and value are
Interestingly, A max → g for g → 1, such that the lower bound of g by A max becomes particularly useful in the interesting regime of high coherence g. The bound further becomes better with increasing |q|, which allows for a stringent approximation also in the case of lower g. Fig. 2 shows examples of the asymmetry parameter as function of for g = 0.8. The solid lines are drawn for q = 0.5 and q = 3, respectively. As expected from Eq. (10), the curves' maxima form lower bounds for the coherence parameter g = 0.8, indicated by the dotted line. The maxima of A( ) for all other values of |q| are indicated by the black dashed line. It can be seen that A max forms a lower bound to g and approaches g with increasing |q|. The coherence parameter g can also be calculated exactly by combining the position and value of the maximum, 0 and A max . Starting from Eqs. (12) and (13) and eliminating q, we find
This result is illustrated in Fig. 3 as a contour plot, i.e. for each point ( 0 , A max ), the coherence is shown colorcoded. Thus, the dashed line in Fig. 2 can be found again in Fig. 3 as the g = 0.8 contour. Along the contours, |q| increases from left to right. The two dots again show the maxima of the two curves of Fig. 2 for |q| = 0.5 and |q| = 3, respectively. Independent of g, the maximum A max approaches g with increasing |q| on the right-hand side of Fig. 3 . Discussion. The determination of g in a FI is already possible from a single measurement of the intensity as a function of . Over a wide range of system parameters, the approximate determination of g via a lower bound Eq. (11) may be sufficient. It does not require a normalization of the energy axis, since it only relies on the amplitude of the asymmetry parameter. The experimental uncertainty can further be reduced by combining results from spectra with different q, as illustrated in Fig. 2 . The exact formula (14) for g(A max , 0 ), on the other hand, works even for low |q|.
It is crucial to note that the standard visibility Eq. (1) may strongly over-or underestimate the true coherence parameter g, see Fig. 1(e) . Then, a naive application of the standard relation Eq. (5) between visibility and coherence leads to incorrect results. This is of particular importance if, e.g., an application requires a certain minimum coherence. For example, a two-channel quantum state in a MZI violates local realism if it exhibits a sufficiently high degree of coherence and anti-correlation between the two channels [23] .
We further note that while A( ) is readily evaluated from a given experimental spectrum, it is important that experimental baselines are treated with care, as it is required in evaluating the standard visibility.
A baseline in the spectrum, I( ) → I( )+β, will reduce the asymmetry (9), so A max will still be a lower bound for g. However, the approximation will not be as good and the exact formula (14) will break down. The baseline of unknown origin may not be carelessly substracted, since one can show analytically that α[β + I( , q, g)] = I( , q , g = 1) ,
i.e., a FI spectrum with non-perfect g < 1 can mimic a spectrum with complete coherence g = 1, provided that a prefactor α and a baseline β are suitably chosen, and that the true q-factor is modified to q . Here, α, β and q only depend on g and q. If baseline and prefactor are unknown in an experiment, an experimental determination of q can be used to mitigate this issue. Assuming that g is independent of q, also spectra obtained for different q can be combined to improve the measurement of g. In summary, we have shown that for FI, the coherence and visibility do not satisfy the standard textbook relation known for MZI, and that the visibility cannot be used to determine the coherence. Therefore, we proposed a different approach to determine the coherence parameter, based on the asymmetry of the Fano lineshape. Like the visibility in the case of MZI, the maximum of the asymmetry parameter is a lower bound for the coherence, and approximates it well under certain practically achievable conditions. The coherence parameter can be determined exactly from the maximal asymmetry and its position. Our results set the stage for the further development of FI towards applications involving coherence and interference phenomena, and we in particular envision the exploration of non-classical states in x-ray quantum optics.
